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Abstract. We present recent high angular resolution (9") Sunyaev-Zel'dovich effect (SZE) 
observations with MUSTANG, a 90-GHz bolometric receiver on the Green Bank Telescope. 
MUSTANG has now imaged several massive clusters of galaxies in some of the highest- 
resolution SZE imaging to date, revealing complex pressure substructure within the hot 
intra-cluster gas in merging clusters. We focus on three merging, intermediate redshift 
clusters here: MACS J0744.8+3927, MACS J0717.5+3745, RX J1347.5-1 145. In one of 
these merging clusters, MACS J0744.8+3927, the MUSTANG observation has revealed 
shocked gas that was previously undetected in X-ray observations. Our preliminary re- 
sults for MACS J07 17.5+3745 demonstrate the complementarity these observations provide 
when combined with X-ray observations of the thermal emission and radio observations of 
the non-thermal emission. And finally, by revisiting RX J1347.5-1 145, we note an inter- 
esting correlation between its radio emission and the SZE data. While observations of the 
thermal SZE probe the line of sight integral of thermal electron pressure through a cluster, 
these redshift independent observations hold great potential for aiding the interpretation of 
non-thermal astrophysics in high-z clusters. 




1. Introduction 

The Sunyaev-Zel'dovich effect (SZE), due to 
inverse Compton scattering of photons from 
the Cosmic Microwave Background (CMB) 
off ele ctrons in the intra-cluster medium 
(ICM) dZel'dovich & Sunvaevlll969h . has long 
been sought as a probe of cluster as- 
trophysics and cosmology (e.g. Birkinshaw 



ll99lUCarlstrom et al.l[l996h . SZE surveys like 
those with the A tacama Cosmology Telescope 
(Kosowskv 2003), the South Pole Telescope 
dRuhl et alJ I2004I) . and Planck dRosset et alJ 
2010) are now discoverin g new clusters. Wit h 
notable exceptions (e.g. iKomatsu et alJl200ll) . 
these and other SZE instruments have reso- 
lutions ~l-7', and therefore do not typically 
probe clusters on scales < 1 Mpc. 
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Recently, the Multiplexed SQUID/TES 
Array at Ninety GHz (MUSTANG), a receiver 
on the 100-m Green Bank Telescope (GBT), 
has observ ed the SZE from clusters at 9" 
resolu tion dMason et al.l l2010t iKorngut et al.l 
|2010|) . At this resolution, the thermal SZE pro- 
vides a probe of subcluster scales, complemen- 
tary to X-ray studies. In these proceedings, 
we discuss these MUSTANG observations and 
share the preliminary results from a new ob- 
servation taken in the 20 IOC trimester. We dis- 
cuss the instrument in § [2j present recent re- 
sults in § [3] and discuss future directions for 
MUSTANG in§H 

2. GBT+MUSTANG 

MUSTANG is a cryogenic, re-imaging focal 
plane camera with an 8 x 8 array of transi- 
tion edge sensor (TES) bolometers cooled to 
=3 0.3 K. The MUSTANG receiver was built at 
UPenn and at 90 GHz is the highest frequency 
instrument on the GBT. Using capacitive mesh 
filters to define the bandpass, MUSTANG has 
as 19 GHz bandwidth for continuum imaging. 
The array has a 0.63//1 pixel spacing which 
yields a well-sampled 42" instantaneous field 
of v iew with ~ 9" resolu tion. For more details, 
see iDicker et alJ d2009h and the MUSTANG 
web siteQ 

3. Results 

Due to common mode subtraction of the at- 
mosphere, spatial scales larger than ~1.5~ 
2x the 42" instantaneous field of view are 
severely attenuated from MUSTANG observa- 
tions. The resulting high-pass filtered obser- 
vations of the thermal SZE provide a mea- 
sure of line of sight integrated pressureQ They 
are well-situated to complement other SZE in- 
struments by measuring cluster substructure on 

1 http://www.gb.nrao.edu/mustang/ 

2 Other manifestations of the SZE include: the 
kinematic SZE, proportional to the line of sight 
proper motion of the ICM, the polarized SZE, pro- 
portional to the transverse motion of the ICM, 
and the non-thermal SZE, proportional to relativis- 
tic ele ctrons in the ICM. See e.g. ICarlstrom et alJ 
d2002h . 
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Fig. 1. MACS J0744.8+3927: Chandra X-ray im- 
age with MUSTANG SZE 4 and 5-cr contours over- 
laid. X-ray analysis guided by this SZE feature un- 
veils a significant drop in X-ray surface brightness 
and a rise in temperature, indicating shock-heated 
gas with Mach number M = 1.2 ± 0.2. 



0.15-1' scales, but do not recover the extended 
SZE fl ux used to determin e scaling relations 
(e.g. lBonamente et al.ll2008l) . The observations 
we present here illustrate MUSTANG'S utility 
in revealing shock-heated and disturbed ICM. 

3.1. MACS J0744.8+3927 (z = 0.69) 

MACS J0744.8+3927 was discovered in the 
ROSAT All-Sky Survey (RASS) and is part 
of the MAssive Cluste r Survey (MACS 
lEbelingetal]|200lL 120071) . a sample of some 
of the mos t massive clus t ers at z > 0.3. As 
reported in lKorngut etail (l2010l) . MUSTANG 
observations of this cluster revealed a feature 
in the line of sight pressure, offset from X-ray 
surface brightness peak (see Fig.[TJ. In fact, the 
inside edge of the SZE feature aligns with an 
X-ray surface brightness discontinuity. 

U sing the MUSTANG observations as a 
guide, Korngut et al.l (l2010h analysed the avail- 
able 90 ksec of Chandra data. We interpret the 
X-ray surface brightness peak as the intact core 
of the main cluster, and the MUSTANG se- 
lected feature as shock-heated gas. The gas to 
the west of both the MUSTANG selected fea- 
ture and the second X-ray surface brightness 
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Fig. 2. MACS J0717.5+3745 preliminary data: 

iMa et alj d2009t) temperature map with MUSTANG 
S/N (black) and GMRT 600 M Hz (white) contours 
from van Weerenetal. (2009) overlaid. The peak 
SZE detection is cospatial with the hottest (~24 keV, 
in white) region identified in the temperature map, 
and is bordered by the radio relic to the north. 
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Fig. 3. RX J1347.5-1145: MU STANG S/N map 
with VLA 1.4 GHz contours from lGitti et"aD (120071) 
overlaid. The SZE decrement at >3-cr corresponds 
to the radio emission at found at >9-tr. Both are en- 
hanced to the southeast, outside the cool core. The 
central point source in the MUSTANG map was de- 
tected at ~40-<T, and is fully saturated in this map. 



discontinuity is likely the pre-shock medium. 
We derive a best fit Mach number Ai — 1.2 ± 
0.2 dKorngut et al. 2010), implying this is a 
fairly weak shock, marginally consistent with 
being transonic. 

3.2. MACS J071 7.5+3745 (z = 0.55) 

MACS J0717.5+3745, also found in MACS, 
exhibits many signposts of on-going merger 
activity. Optical observations show this cluster 
to have the largest known Einstein radius and 
a com plicated mass distribution dZitrin et alJ 
Radio observations with the VLA and 
GMR T have revealed what is likely a relic 
dBonafede et al.ll2009tlvan Weeren et al.ll2009h 
due to electrons re-accelerated to relativistic 
energies by a shock. X-ray observations reveal 
a complex ICM morphology and reg ions with 
tempe ratures as high as ~ 24 keV (IMa et alJ 
2009), indicating a sharp pressure discontinu- 
ity to the south of the radio relic. The prelim- 
inary MUSTANG data help complete this pic- 
ture: the peak in the MUSTANG maps agrees 
well with the position of the hot gas seen in the 
X-ray (see Fig. [2]). 



3.3. RXJ1 347.5-11 45 (z = 0.45; 

RX J 1347.5-1 145, another member of MACS, 
is the most X-ray luminous cluster known. 
While its X-ray emission is dominated by 
its relaxed cool core, there is substantial ev- 
idence pointing to a high impact parameter 
merger. High res olution SZE measure ments 
with Nobeyama dKomatsu et al.l 1200 lb indi- 
cated (at ~3-<x) the presence of a pressure en- 
hancement to the southeast. The Nobeyama 
result was soon confirm ed by X-ray observa- 
tions dAllen et alJl2002l) . MUSTANG later im- 
proved upon the significance of the SZE re- 
sult to many sigma in it s first cluster obser- 
vation dMason et al.l l2010l) . Interestingly, ra- 
dio emission from RX J 1347.5-1 145, predomi- 
nantly due to the mini-halo associated with the 
relaxed cool core, shows a sim ilar southeast 
enhancement dGitti et al.ll2007l) . In Fig. |3j we 
show that the SZE decrement is co-spatial with 
the radio emission. 

4. Conclusions & Future Work 

MUSTANG has been pioneering in the 
study of cluster astrophysics and substruc- 
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ture through the SZE. The clusters targeted 
in MUSTANG observations to date, however, 
have been chosen in an ad hoc fashion. To ad- 
dress this, we are moving to image a cluster 
sample down to a uniform depth, confirming 
or rejecting the presence of cluster substruc- 
ture that would affect SZE scaling relations at 
the level of a few percent. 

We are also working to improve our anal- 
ysis tools. Notably, we will soon be able to 
remove point source contamination from, and 
fit cluster models to, the time ordered data. 
This will provide a method by which to fit 
MUSTANG data jointly with X-ray data and 
that from other SZE instruments. 

Most tantalizing of all, we have pro- 
posed a successor instrument to MUSTANG, 
MUSTANG2, which is designed to have a 
larger instantaneous field of view (4.5') and 
> 30x higher sensitivity than MUSTANG. 
Observations that currently take hours with 
MUSTANG could be performed in a matter 
of minutes, imaging the SZE at ~ 9" reso- 
lution and recovering SZE flux out to ~ 9' 
scales. This upgrade is crucial as the GBT 
is heavily subscribed, and MUSTANG'S high- 
frequency observations demand the best ob- 
serving conditions Green Bank, West Virginia, 
has to offer. This upgrade will also ensure 
GBT+MUSTANG2 will remain competitive as 
ALMA comes online, as MUSTANG2 will 
provide an order magnitude better mapping 
speed for continuum emission at 90 GHz than 
the 50-element ALMA. 
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